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La 2 cuo 4+ô materials (0 � ô � 0.09) have been prepared using a new

-a rotating disk electrode was used as working electrode; the disk was a polished ceramic ( 0 8-32 mm; � 2 mm thick; 0.4-10 g ) whose density should be higher than 85-90 7.

The starting material La Cuo was prepared by the solid-state

2 4
reaction of a stoichiometric mixture of calcinated La O and Cuo , fired 2 3 in air at 1050 °C, for 18 h. Tuen the sample was ground, pelleted as a dise and annealed in air during 16 h and finally quenched. -an oxidation wave (0 ) arising between 400 and 800 mV and The applied potential for the electrochemical oxidation was chosen as that of the beginning of the plateau.

a reduction peak (R ) in the range 200-400 mV 1 For preparing La CuO � materials, experiments were performed at ✓"
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a ' On the other hand, E.D. patterns of incommensurate structures have also been observed and described using a q. modulation vector in addition
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to the three fundamental vectors a , b and c of the 14/mmm structure.

t t t
Moreover it was shown that the modulation vector of the incommensurate structures lies between the two "modulation vectors" that can be defined for describing the superstructures of the commensurate phases (ô = 0.17 and ô = 0.25 respectively) in the reciprocal plane corresponding to the [311) zone axis so that we assumed that a direct relation exists between t q and ô.

Tuen a neutron diffraction study of La NiO 22 showed that the The thermal evolution of the electrical resistivity of La Cuo The a.c. susceptibility of La CuO was measured under various From these data, one can also determine around 90-120 K another characteristic temperature separating the range where <X is temperature independent from the range where a is decreasing with T. Following a recent work Ôf J. B. Goodenough et al. 26 on the La Sr Cuo system, this 
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For o � O. 06, the electrical resistivity (Fig. 8c-d) increases with increasing temperature ( as for usual metallic compounds ), at least above T whose determination is more difficult. T seems to decrease from conditions as for La CuO ; diamagnetism appears below 44 K (Fig. 12). For the oxidized phases, the insertion of oxygen results in the formation of hales in the "Cuo " planes. The magnetic ordering is then 2 "geometrically" frustrated and the Néel temperature drastically decreases with à. Thus,. for à = 0.02, a magnetic transition is observed around 250 K: it was correlated in early works to the maximum of resistivity and 32 considered as the magnetic ordering temperature . However one should note that this transition seems to be almost independent of the composition for 0.01 � à � 0.03 and has nearly vanished for à � 0.04 (Fig. 14b). Therefore it cannot be related to magnetic dilution but rather is consistent with the spinodal decomposition. For low values of ài.e.

for small amounts of trivalent copper -the system is unstable and decomposes into hole poored domains in which the magnetic ordering can occur without frustrations and hole rich domains of metallic character correlated to the intercalated oxygen atoms.

For à � O. 04, the metallic character of the material is enhanced and the number of magnetic domains formed during the spinodal decomposition decreases. No magnetic transition occurs and a Pauli-type magnetic susceptibility, almost temperature independent, is observed.

For the metallic phase, even under a high magnetic field (1.8 T), the susceptibility becomes negative, showing that the superconducting state still exists below 44 K (Fig. 14c).

The For the semi-conducting phase 0 , a classic spinodal decomposition I into La Cuo (c � 0) and La Cuo � (ô QI: 0.06) is observed . For the

(Ô � 0 . 2 4 pressure ( 1 -

 0241 06), two superconduct lng tra n sitions we re observed (T = 32 K and T = 44 IC) and assigned to deflnite composi t l on s of oxyg en excess. in Bordeaux the electrochemical oxidation as a new method for preparing oxides containing cations with high oxidation state such as the fully oxidized cubic perovskites SrFeO or SrCoO B, insertion of oxygenated species into the network of these materials was finally demonstrated on the basis of their physical characterization 16117 Nevertheless these materials raise indeed many questions such as: -range and control of the oxygen stoichiometry ( o) or in other words the hole concentration. -the nature and localization of the interstitial oxygen atoms existence or not of structural ordering -in• correlation with phase segregation phenomena and the implication in superconductivity. Concerning the preparation of these materials, further remarks can be made. High oxygen pressure synthesis is carried out at high temperatures for which the thermodynamical equilibrium is usually reached. The parameters governing this solid-gas reaction are out the contradictory features of this method, i.e. the insertion of oxygen in the network while a mechanical strain is applied. Fluorination and chlorination using F or Cl -gas treatment lead also to 2 superconducting La Cuo materials; the reaction is achieved under low 2 6 bars) at relatively low temperature. 200-300 °C but these strong oxidizing agents may cause a partial decomposition of the starting material. Therefore "soft reactions" are worthier and electrochemical oxidation appeared as a relevant technique for this purpose. Using the redox 0H-/0 couple at pH � 14, at room temperature (T = 20 °C )an overpotential of 300 mV ). However this electrochemical reaction achieved at room temperature belonging to the "chimie douce" processes, is not expected to lead systematically to the thermodynamically most stable phase as assumed for heterog�neous equilibria which are generally investigated at high temperatures. In other words, kinetics plays a very important role in the formation of metastable phases provided that their free energy is lower than that of the starting materials and, cell f illed with a lN K0H solution, using a three electrode device (Fig. l)� -the reference electrode• was a HgO/Hg electrode filled with lN KOH (E = +0.098 V/SHE ). th the counter electrode was a gold foil of large area.
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 2 Fig. 1 Schema � lc representatlon of the rotatlng working electrode
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  corresponding to the following overall reaction: A MO + 2o OH-2 4 -----. > A MO � + o H O + 2o e

  in air, under an anodic potential of 450 mV for various polarization times. Afterwards the pellets were washed in water, then in alcohol and finally dried. The oxygen content was determined the iodometric titration of the oxidation state of copper. time (Fig. 3) up to the value ô 01: 0.09. In the same time the O.C. V. measurement whose value increases with ô (Fig. 3 insert), can be an easy way for controlling the oxygen excess.

  diffractograms of the ground and washed samples showed well crystallized single phase materials. All of them were indexed with an orthorhombic unit cell (Bmab space group). Fig. 4 displays the evolution of the cell parameters as a function of the oxygen excess (ô). As expected, the introduction of interstitial oxygen atoms in the La 0 oxygen causes again a structural distortion, the b/a ratio increasing up to 1. 015. Reversely the c parameter increases only very slightly, which suggests that the structure has reached a stable relaxation state along the t direction. The increase of the unit cell volume (ll.V/V � + 0.6 7. ) clearly supports the introduction of oxygen in the network.
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 4 of the interstitial oxygen in a site surrounded by four lanthanum and four oxygen atoms (Fig.5). However this refinement in the Bmab space group that supposes a random occupancy of the interstitial site, does net take into account small diffraction peaks. low temperature (100 K) in order to prevent degradations of the sample electron beam under high vacuum. In addition to the main spots corresponding to the basic structure of La CuO , additional peaks 2 were observed characterizing B or C-type Bravais lattices. Moreover weak satellite spots were also seen in the latter crystals indicating the presence of microdomains showing incommensurability (Fig. 6}. These superstructure spots were assigned to the local ordering of the additional oxygen atoms involving an inhomogeneous distribution of oxygen. In a recent study of electrochemically prepared La NiO � phases 2 4+u (0.17� o � 0.25}, such ordering was also evidenced and analogies between 12 both systems should be done . lndeed, various superstructures either commensurate or incommensurate have been found in these phases. On the basis of the obtained E.D. patterns a structural mode! has been proposed to account for the commensurate superstructures of a series of phases, La Ni O (ô = lin, n 2: 4). In this structural mode! the interstitial 2n n 4n+l oxygen atoms are located along . the [111) directions of the l4/mmm-type unit cell. Idealized structures have been depicted for the ô = 0.17 (n = 6) and ô = 0.25 (n = 4) compositions.
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 7238 Fig. 7 Structure of La NlO (n = 4; La Ni O ; C2 monocllnlc) 2 4.25 8 4 17

  . The introduction of interstitial oxygen that involves a mixed valency of copper causes a large change of behavior with regard to the small values of the oxygen excess. For each composition, a semiconductor-type behavior is observed at room temperature (Fig. 8a-b), then, around 200 K, a hump occurs. This broad maximun was usually assigned to antiferromagnetic ordering eventhough it seems rather independent of the composition. At decreasing temperature, a more complex evolution appears: the resistivity first decreases then increases circa 120 K before suddenly lessening in the vicinity of 50 K. For o < O. 04 the resistivity never becomes equal to zero but a superconducting behavior is observed for o � 0.04 (Fig. 8 b). As previously mentioned, J.O. Jorgensen et al. were the first to propose a phase separation at decreasing temperature (below room temperature) on the basis of neutron diffraction data 24 . More recently, 25 J. Ryder et al. , using resistivity measurements, evidenced this phase segregation in La Cuo � ( the value of o can be estimated close to 0.035 2 4+u according tQ the values of the resistivity. We carried out similar experiments on La Cuo ; the resistivity was measured at increasing 2 4.02 temperature either after "quenching" the sample down to liquid helium or after slow cooling ( Fig. 9). An hysteresis can be clearly seen, which characterizes the effect of the thermal treatment: only data above 250 K are matching. Following J. Ryder et al., the existence of such an hysteresis can be interpreted in terms of a spinodal decomposition that would occur when the temperature decreases. Tuen, below a certain temperature, namely T , this decomposition leads to the formation of s metallic demains (that would become superconducting at lower temperature) within an insulating magnetic phase. In agreement with this assumption, one can notice that an increasing amount of this metallic phase results in lessening the whole value of the resistivity when o increases, and even in observing an onset of superconductivity for compositions 0.01 ::s ô < 0.04. For ô ::: 0.04 these domains begin to percolate and the zero-resistivity appears below T o: 30 K. Therefore the resistivity hump observed around 200-220 K has its origin in this spinodal decomposition rather than in a magnetic ordering as firstly suggested. '-1• • • • •• • • • • ... .......... . . :,.,, . 0. 5 ... ,.15= 0.021 . .

  Fig. 9 Temperature dependence of the electrlcal reslstlvlty of La Cuo 2 4.02 (slow or fast coollng rate)

  magnetic fields. The experimental results (Fig.10) show superconductivity to occur starting from 32 K. One can also notice that, under our experimental conditions, measuring x" does not reveal appreciable lasses. In addition the amplitude of the real part of the susceptibility x' remains very small and is independent upon the magnetic field. This behavior can be ascribed to the presence of superconducting demains of very small size whose response is nearly ideal.The positive value of the thermoelectric power (a) (Fig.lla-b) characterizes materials containing essentially p-type carriers. One can also observe a change in the thermal behavior of a in the vicinity of T s from a temperature dependent to non-dependent behavior, which could be correlated to the spinodal decomposition.

Fig. 11 250

 11 Fig.

3 . 2 .

 32 T , would be the temperature below which dynamic charge fluctuations occur; these fluctuations would be closely related to Cu-0 distance fluctuations or in other words to covalency fluctuations, resulting in the formation of domains more or less hale enriched. In the vicinity of T the resistivity stops to decrease with T and tends to a minimum value, then increases before reaching the critical temperature T. The metal lic phase O ( o � 0.06 ).

  50 K when o increases from 0.06 to 0.09. In this narrow range of temperature, the increase of resistivity at decreasing temperature can 26 be ascribed, as previously mentioned to the occurrence of charge fluctuations in the normal state just before the superconducting transition. The a. c. susceptibility of La Cuo was measured in the same

  Fig. 12 Temperature dependence of of the a.c. susceptlblllty of La Cuo 2 4.09
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 14 Fig. 14 Temperature dependence of the magnetlc susceptlblllty of La CuO s: ( o = 0.00, 0.04 and 0.09 ) 2 4+u

Fig. 15 (Fig. 16 )

 1516 Fig. 15 Temperature dependence of the magnetlc susceptlblllty of La Cuo � (o = 0.04 and 0.09) measured under 10 mT.2 4+u

- 8 Fig. 17

 817 Fig. 17Tentative phase dlaera.m for the system La CuO � system.

2 - 2 K 12 La NiO � phases , one can imagine that a less oxidized phase of 2 4+o composition close to 1 / 8 �

 221218 formation of various phases. This decomposition, evidenced by resistivity measurement for the O phase, is likely to occur I also for the O metallic phase as suggested by the electron microscopy M study. It could involve a migration of oxygen as 0-species whose mobility woud be high enough to allow such a diffusion process. This assumption seems reasonable on account of: i) the value of the diffusion coefficient of the electroactive species determined by means of electrochemical measurements D involving an electronic transfer whose existence is now doubtless in this k. d f . l 33,34 m o materia s . At low temperature this spinodal decomposition would result in the formation of the following phases, 0 , <p and <p its composition is unknown but, on the basis of electrical resistivity measurements, it could correspond to ô values close to 0.06. -the <p phase whose superconducting transition temperature is 44 , is oxygen riched. On the basis of the electron microscopy study of 0.125 may exist. Then, supposing this structural mode! is valid, the <p phase could have a composition close to 2 ô � 0.125. In the same way, the <p phase woud correspond to ô = 1/16 c.: 1 0.063. Bath phases having an almost steady superconducting temperature as ô varies, exist over a very narrow range of composition and could be "line phases". Moreover on the basis of our preliminary T.E.M. studies, one can assume that these phases are formed during the spinodal decomposition of the metallic phase, thanks to oxygen migration and would correspond to a peculiar ordering of the additional oxygen atoms. -CONCLUSION. All these results allow to draw the following conclusions: a) -the way. for preparing La Cuo � plays obviously an 2 4+oimportant role with regard to the physical properties of these materials more especially superconductivity.

2 2 c 2 partially located in the La O layers as delocalized hales in polyoxides 2 2 (

 2222 ) -the reduction of oxygen atoms leads to the formation of hales [pl = 20, which are mainly in the CuO planes but which could be Q )2n-l. d) -strong similarities exist between the La Sr CuO and 2-X X 4 La Cuo � system as for instance the existence of an insulator-metal 2 4+u transition for a hole concentration [p] QI: 0.011, the metallic phase showing superconductivity at low temperature.e) -due ta high oxygen mobility below room temperature, phase separation phenomena occur in this system.
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